IL-7 functions as a trophic factor during T lymphocyte development by a mechanism that is partly based on the induction of Bcl-2, which protects cells from apoptosis. Here we report a mechanism by which cytokine withdrawal activates the prodeath protein Bax. On loss of IL-7 in a dependent cell line, Bax protein translocated from the cytosol to the mitochondria, where it integrated into the mitochondrial membrane. This translocation was attributable to a conformational change in the Bax protein itself. We show that a rise in intracellular pH preceded mitochondrial translocation and triggered the change in Bax conformation. Intracellular pH in the IL-7-dependent cells rose steadily to peak over pH 7.8 by 6 hr after cytokine withdrawal, paralleling the time point of Bax translocation (a similar alkalinization and Bax translocation was also observed after IL-3 withdrawal from a dependent cell line). The conformation of Bax was directly altered by pH of 7.8 or higher and was demonstrated by increased protease sensitivity, exposure of N terminus epitopes, and exposure of a hydrophobic domain in the C terminus. Eliminating charged amino acids at the C or N termini of Bax induced a conformational change similar to that induced by raising pH, implicating these residues in the pH effect. Therefore, we have shown that by either cytokine withdrawal, experimental manipulation of pH, or site-directed mutagenesis, Bax protein changes conformation, exposing membrane-seeking domains, thereby inducing mitochondrial translocation and initiating the cascade of events leading to apoptotic death.
IL-7 functions as a trophic factor during T lymphocyte development by a mechanism that is partly based on the induction of Bcl-2, which protects cells from apoptosis. Here we report a mechanism by which cytokine withdrawal activates the prodeath protein Bax. On loss of IL-7 in a dependent cell line, Bax protein translocated from the cytosol to the mitochondria, where it integrated into the mitochondrial membrane. This translocation was attributable to a conformational change in the Bax protein itself. We show that a rise in intracellular pH preceded mitochondrial translocation and triggered the change in Bax conformation. Intracellular pH in the IL-7-dependent cells rose steadily to peak over pH 7.8 by 6 hr after cytokine withdrawal, paralleling the time point of Bax translocation (a similar alkalinization and Bax translocation was also observed after IL-3 withdrawal from a dependent cell line). The conformation of Bax was directly altered by pH of 7.8 or higher and was demonstrated by increased protease sensitivity, exposure of N terminus epitopes, and exposure of a hydrophobic domain in the C terminus. Eliminating charged amino acids at the C or N termini of Bax induced a conformational change similar to that induced by raising pH, implicating these residues in the pH effect. Therefore, we have shown that by either cytokine withdrawal, experimental manipulation of pH, or site-directed mutagenesis, Bax protein changes conformation, exposing membrane-seeking domains, thereby inducing mitochondrial translocation and initiating the cascade of events leading to apoptotic death. A poptosis, or programmed cell death, is a highly coordinated process by which cells are eliminated without inducing an inflammatory response. The development of T cells in the thymus involves a balance between expansion, survival, and apoptosis. Survival of pro-T cells depends on the trophic effect of IL-7 (1, 2), a product of the thymic epithelium. Ablation of the gene for IL-7 (3) or the IL-7 receptor ␣ chain (IL-7R␣) (4) resulted in greatly reduced thymic cellularity, and the few T cells that developed in IL-7R␣ Ϫ/Ϫ mice failed to proliferate on stimulation and underwent cell death (5) . The mechanism of IL-7's trophic effects has been partly attributed to the Bcl-2 family of related proteins, which are important intracellular mediators of apoptosis (6) . Overexpression of the antiapoptotic protein Bcl-2 in IL-7R␣ Ϫ/Ϫ mice partially restored T cell numbers (7), but complete restoration of a normal phenotype was not achieved (8, 9) , implicating other actions of IL-7 beyond the induction of Bcl-2.
Bax is an attractive candidate for a death inducer expressed in thymocytes, because deletion of bax increased the number of thymocytes (10) and restored the thymocyte deficiency of bcl-2 Ϫ/Ϫ mice (11), whereas overexpression of a bax transgene in the thymus led to decreased mature T cells (12) . Bax moves from the cytosol to the mitochondria under conditions that induce cell death, for example in staurosporine-treated Cos-7 cells in which a Bax-green fluorescent protein fusion protein was overexpressed (13) or during IL-3 withdrawal in FL5.12A cells (14, 15) . The mechanism of Bax translocation is unknown. Once in the mitochondria, Bax may mediate its lethal effects through a channel-forming activity (16) , resulting in disruption of mitochondrial function and release of cytochrome c (17) .
In the present study, we examined the role of Bax in cell death after withdrawal of IL-7. We observed that a transient rise in intracellular pH induced a conformational change in Bax that in turn induced its translocation to mitochondria. Similar phenomena were observed after IL-3 removal, suggesting this could be a general mechanism in trophic factor withdrawal.
Methods

Cells.
The IL-7-dependent cell line D1 was established from the CD4 Ϫ CD8 Ϫ subset sorted from p53 Ϫ/Ϫ mouse thymocytes initially propagated in IL-7 and stem cell factor (SCF). The D1 cell line was maintained in RPMI 1640 (Life Technologies, Grand Island, NY) supplemented with 10% FBS (Life Technologies) and 50 ng͞ml recombinant mouse IL-7 (PeproTech, Rocky Hill, NJ) (no SCF). The IL-3-dependent murine pro-B cell line FL5.12A (a kind gift from James A. McCubrey, East Carolina University, Greenville, NC) was maintained in RPMI 1640 supplemented with 10% FBS and 0.4 ng͞ml recombinant mouse IL-3 (PeproTech).
Mitochondrial Protein Detection. Lysis of D1 or FL5.12A cells was performed in isotonic buffer (200 mM mannitol͞70 mM sucrose͞1 mM EGTA͞10 mM Hepes, pH 6.9) by Dounce homogenization. Unbroken cells, nuclei, and heavy membranes were pelleted at 1,000 ϫ g and discarded. The mitochondrial-enriched fraction was then produced by pelleting at 12,000 ϫ g for 20 min, washing the membrane pellet one time in isotonic buffer, followed by a final resuspension in RIPA lysis buffer (1ϫ PBS͞1% Nonidet P-40͞0.5% sodium deoxycholate͞0.1% SDS) with protease inhibitor mixture (Calbiochem). The recovered supernatant from the high-speed centrifugation represented the cytosolic fraction, whereas the high-speed pellet represented the mitochondrial fraction (14, 15) .
For detection of Bax, Bcl-2, or cytochrome c oxidase protein by Western blot, cell equivalent samples (10 l containing approximately 20 g protein) were separated by SDS͞PAGE on 12% Tris-glycine gels (NOVEX, San Diego) and transferred to 0.2 M polyvinylidene difluoride membranes (NOVEX). Blots were probed with a rabbit polyclonal antiserum specific for the amino terminal of Bax (N20, Santa Cruz Biotechnology) or to the full-length Bax protein (⌬21, Santa Cruz Biotechnology), with a hamster monoclonal antibody specific for Bcl-2 (PharMingen), or with a mouse polyclonal antibody specific for cytochrome c xidase (Research Diagnostics, Flanders, NJ), followed Abbreviation: WT, wild type. ‡ To whom reprint requests should be addressed at Section of Cytokines and Immunity, National Cancer Institute, Building 560 Rm. 31-71, Frederick, MD 21702-1201. E-mail: durums@mail.ncifcrf.gov.
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by the appropriate secondary antibodies conjugated to horseradish peroxidase (Santa Cruz Biotechnology) and then visualized by enhanced chemiluminescence (Pierce) following the manufacturer's protocol.
For immunoprecipitation, cell lysates, precleared with rabbit IgG (Santa Cruz Biotechnology), were incubated with 1 g of anti-Bax antibodies, N20 or ⌬21, for 4 hr, followed by incubation with Protein A͞G Plus agarose (Santa Cruz Biotechnology) for 2 hr. Antibody-agarose conjugates were washed in RIPA buffer and analyzed by Western blot, as described above.
pH Determination. D1 or FL5.12A cells deprived of IL-7 or IL-3 for various times were treated with 1 M BCECF-AM (Molecular Probes) for 30 min at 37°C, and intracellular pH was determined by fluorescence-activated cell sorter analysis (18) , following manufacturer's protocol. A pH calibration curve ( Fig. 1 B and D Insets) was generated by preloading cells with 1 M BCECF-AM, followed by incubation for 30 min in different pH buffers, from 6.8 to 8.0, in the presence of the permeabilizing agent nigericin (10 M, Molecular Probes) in a high-Kϩ Hepes-buffered Hanks' balanced salt solution (19) .
In Vitro and in Vivo pH Manipulations. To alter the pH of cell lysates, D1 cells were mechanically disrupted (as above) in isotonic buffers at pH 6.9, 7.8, or 8.1. The lysates were incubated for 15 min (to allow Bax translocation to mitochondria), then fractionated to recover mitochondria and analyzed for Bax by immunoblot, as previously described. To alter intracellular pH in living viable cells, D1 cells were permeabilized with nigericin (1 M) in a high-Kϩ buffer containing Hepes (25 mM) (19) at pH 6.9, 7.8, or 8.1, for 30 min at 37°C. Cells were then disrupted, fractionated, and analyzed for cytosolic and mitochondrial Bax by immunoblot, as previously described.
Protease Digestion of Bax. Lysates of D1 cells were treated with either proteinase K (Life Technologies), 1, 10, or 100 g͞ml, for 5 min and digestion stopped with 10 mM PMSF (Sigma) or with trypsin (Calbiochem), 0.3, 3, or 30 g͞ml for 5 min and the reaction stopped with 30ϫ excess aprotinin (Sigma). Bax produced by in vitro translation (described below) was treated with either proteinase K, 0, 1 or 10 g͞ml, for 15 min and digestion stopped with 10 mM PMSF, or with trypsin, 0, 0.5, or 5 g͞ml for 15 min and the reaction stopped with 30ϫ excess aprotinin.
Triton-X114 Phase Partitioning. To examine the hydrophobicity of Bax, Triton X-114 phase partitioning was used (20, 21) . Briefly, cytosolic extracts prepared in isotonic buffers at either pH 6.9, 7.8, or 8.1 were treated with 2% (vol͞vol) Triton X-114 (Sigma), and the hydrophobic detergent phase was partitioned by incubation at 37°C followed by high-speed centrifugation. Bax was immunoprecipitated from the detergent phase and analyzed by immunoblot, as previously described.
Site-Directed Mutagenesis of Bax. Site-directed mutagenesis was performed to substitute Leu for Lys-189 and Lys-190 by using the Fig. 1 . On cytokine withdrawal, Bax protein translocates to the mitochondria, and intracellular pH rises. (A) The subcellular fraction containing Bax in D1 cells was examined after IL-7 withdrawal. In the presence of IL-7, Bax was predominately cytosolic. Starting 6 hr after IL-7 withdrawal, Bax appeared in the mitochondrial fraction. Bcl-2 showed predominately a mitochondrial distribution and was not altered during the first 8 hr of IL-7 withdrawal. Cytochrome c oxidase indicates a strictly mitochondrial distribution, and in all blots serves as a control for the subcellular fractionation. (B) The effect of IL-7 withdrawal on intracellular pH in D1 cells was evaluated by using BCECF, as described in Methods. A steady rise in intracellular pH occurred, peaking at 6 hr, returning to neutral values by 8 hr after IL-7 withdrawal, and staying near neutrality for up to 30 hr. (C) The subcellular fraction containing Bax in FL5.12A cells was examined after IL-3 withdrawal. In the presence of IL-3, Bax was predominately cytosolic. However, starting 2 hr after IL-3 withdrawal, Bax appeared in the mitochondrial fraction. Cytochrome c oxidase controls for mitochondrial distribution. (D) The effect of IL-3 withdrawal on intracellular pH was evaluated by using BCECF, as described in Methods. A rapid rise in intracellular pH occurred, peaking at 2 hr after withdrawal, returning to neutral values by 5 hr after IL-3. No further rise in pH was detected up to 30 hr after IL-3 withdrawal.
PCR with mutated primers. For wild-type (WT) Bax, the primer pair used was: 5Ј-TTC ATG GAC GGG TCC GGG GAG C-3Ј and 5Ј-TTA TCA GCC CAT CTT CTT CCA GAT GGT-3Ј. For the C-terminal leucine mutant (MUT) Bax, the primer pair used was 5Ј-TTC ATG GAC GGG TCC GGG GAG C-3Ј and 5Ј-TTA TCA GCC CAT GAG GAG CCA GAT GGT-3Ј. All PCR constructs were verified by dideoxy-sequencing protocols. PCR products for WT-Lys-189Lys-190 and MUT-Leu-189-Leu-190 were cloned in TA vectors (Invitrogen), and protein was expressed by using the TnT T7-coupled rabbit reticulocyte lysate system (Promega), following manufacturer's guidelines. The translation products were radiolabeled with [ 35 S]methionine (10 mCi͞ml, Amersham), electrophoresed on a 12% Tris-glycine gel (NOVEX), fixed, dried, and placed on film for overnight exposure.
Site-directed mutagenesis to substitute Ala for Asp-2 and Glu-6 was performed by using PCR with mutated primers, as above. For WT-Bax, the same primer pair as above was used. For the N-terminal alanine MUT-Bax, the primer pair used was 5Ј-TTC ATG GCC GGG TCC GGG GCG C-3Ј and 5Ј-TTA TCA GCC CAT CTT CTT CCA GAT GGT-3Ј. All PCR constructs were verified by dideoxy-sequencing protocols. WTAsp-2-Glu-6 and MUT-Ala-2-Ala-6 PCR products were cloned in PCR-script vectors (Stratagene), then expressed and translated as above.
Results
To study how IL-7 maintains cell survival, we established a thymocyte cell line, D1, that depends on exogenous IL-7. This is, to our knowledge, the first use of such a cell line to study the molecular mechanisms underlying death induced by withdrawal of this cytokine. On loss of IL-7 signaling in D1 cells, death occurs in 30% of cells by 24 hr, 70% by 32 hr, and Ͼ90% by 48 hr, with no survival beyond 72 hr. On IL-7 withdrawal, transcripts for the antiapoptotic proteins Bcl-2 and Bcl-X L sharply declined after 2 hr, but transcripts for the death proteins Bax, Bak, and Bad persisted in the absence of IL-7 (data not shown). To determine whether Bax was involved in cell death in the IL-7-dependent D1 cells, we pretreated these cells with Bax antisense oligodeoxynucleotides and found that they were protected from withdrawal-induced death (data not shown). Therefore, we examined the relationship of Bax to the cell death process.
Bax Translocation Coincides with an Intracellular pH Rise. D1 cells were deprived of IL-7 for various times, and subcellular protein fractions were made and analyzed. As shown in Fig. 1A , in the presence of IL-7 (time 0 hr), Bax was found in the cytosolic fraction, whereas very little was seen in the mitochondrial fraction. However, 6 hr after IL-7 withdrawal, a large increase in inserted Bax protein was found in the mitochondrial fraction. Although bcl-2 mRNA levels declined 2 hr after IL-7 withdrawal, Bcl-2 protein persisted in the mitochondrial membrane fractions (Fig. 1 A) . Thus Bcl-2 may protect mitochondria from Baxinduced damage, because loss of Bcl-2 by 24 hr coincided with the onset of cell death (data not shown). Cytochrome c oxidase ( Fig. 1 A) is shown as a positive control for mitochondrial protein.
Signals from the IL-7 receptor therefore maintained Bax in a soluble cytosolic form, whereas withdrawal of IL-7 led to translocation of Bax to mitochondrial membranes. To determine how IL-7 receptor regulates this process, several possible mechanisms were evaluated. Unlike the mechanism by which another death protein, Bad, is regulated (22), we could not detect phosphorylated forms of Bax (data not shown). The addition of the caspase inhibitor Z-VAD-FMK at 100 M did not interfere with Bax translocation (data not shown), nor was any cleavage product of Bax detected (23) (Fig. 1 A) ; this suggests that, unlike the death protein Bid, which participates in Fas-induced death (24) , proteolytic cleavage of Bax did not occur on IL-7 withdrawal. To examine whether cytosolic Bax associated with a partner protein or formed a homodimer with itself (15) by which it could be retained in the cytosol (or escorted to the mitochondria), protein chemical crosslinking with disuccinimidyl suberate was used. Only the monomeric form of Bax protein could be detected in the cytosolic protein fraction, whereas in mitochondria, Bax could be found both as a monomer and in multimers crosslinked to Bcl-2 or itself (data not shown). Therefore, Bax was not found crosslinked to another protein in the cytosol prior to its mitochondrial translocation.
We next sought a mechanism by which the conformation of Bax protein could change, inducing mitochondrial translocation, and evaluated whether alterations in intracellular pH could account for this. As shown in Fig. 1B , IL-7 withdrawal led to a rapid and steady intracellular alkalinization, rising to a peak above pH 8.0 at 6 hr after withdrawal and returning to more neutral pH levels by 8 hr after withdrawal. Intracellular pH remained near neutrality from 8 to 30 hr after withdrawal. The transient and early alkalinization could be reversed by readdition of IL-7 (after 3 hr of withdrawal), which restored neutral intracellular pH (not shown). Treatment with Z-VAD or cycloheximide did not prevent intracellular alkalinization, suggesting that the rise in intracellular pH did not require the activation of caspases or de novo protein synthesis (data not shown). Pro-T cells (isolated from day 15 fetal thymuses), which depend on the trophic action of IL-7 (6), also underwent alkalinization, in- Fig. 2 . Bax translocation to mitochondria is induced by high pH. The effect of alkaline pH on Bax translocation to mitochondria was examined by using two methods (A and B) , and movement to the mitochondria was inhibited by pH neutralization (C). (A) D1 cells were mechanically disrupted in isotonic buffers at pH 6.9, 7.8, or 8.1. At pH 7.8 or higher, an increase in mitochondrial Bax was detected. The blot for cytochrome c oxidase was included as a control. (B) D1 cells were permeabilized with nigericen to alter intracellular pH. At pH 7.8 or greater, mitochondrial Bax protein levels increased, whereas cytosolic Bax decreased. The blot for cytochrome c oxidase was included as a control. (C) IL-7 was withdrawn from D1 cells for 5 hr and the cells permeabilized with nigericen to maintain the intracellular pH at 6.9 or 8.1 during the last 3 hr of withdrawal. Neutralization of the pH after IL-7 withdrawal prevented the mitochondrial translocation of Bax.
creasing intracellular pH 0.2-0.3 units within a few hours of IL-7 deprivation (data not shown).
To determine whether transient alkalinization was unique to IL-7 withdrawal or occurred more generally during apoptosis, we examined the pro-B cell line, FL5.12A, which undergoes cell death on IL-3 withdrawal. Within 2 hr of IL-3 deprivation, Bax protein was found in the mitochondrial fraction (Fig. 1C) . In parallel, we observed that within 2 hr a transient alkalinization also occurred (Fig. 1D) . This alkalinization lasted several hours, followed by a return to neutral pH. The use of staurosporine to induce apoptosis in the IL-7-dependent D1 cells also caused a rapid intracellular alkalinization with 30 min of treatment (the same time point at which Bax translocation was detected), followed by acidification and death by 8 hr (data not shown).
Acidification has been reported to occur during apoptosis in various cell lines (25, 26) . Acidification also eventually occurred in D1 cells, but only after 30 hr of IL-7 deprivation, when the cells had started to demonstrate the morphological changes of cell death, such as annexin staining (data not shown). Therefore, trophic factor withdrawal may generally be associated with an early and transient alkalinization, followed closely by Bax protein translocation to the mitochondria, and later a terminal acidification occurring during the final effector stages of apoptosis.
High pH Induces the Mitochondrial Translocation of Bax. In D1 cells, because the peak alkalization time point of 6 hr coincided with the time of Bax translocation to mitochondria, we asked whether high pH triggered this movement. To test whether high pH could induce Bax insertion into mitochondria, D1 cells were disrupted in isotonic buffers of different pH (ranging from pH 6.6 to 8.1), and the homogenates were briefly incubated to allow Bax translocation. As illustrated in Fig. 2A , exposure to cell lysis buffer of pH of 7.8 or higher induced translocation of Bax to mitochondria. A second method was also used to assess the effect of pH on Bax translocation. Whole cells were permeabilized with nigericin, adjusting the intracellular pH to that of the extracellular buffers. As shown in Fig. 2B , Bax translocated to mitochondria at pH 7.8 or above and became correspondingly depleted from the cytosolic fraction. Therefore, two methods of raising pH (Fig. 2 A and B) mimicked the effect of IL-7 withdrawal on Bax translocation to mitochondria. Conversely, preventing the pH rise blocked Bax translocation after IL-7 withdrawal, as shown in Fig. 2C . We also tested the effects of acidic pH on the induction of Bax translocation and found that very little protein could be recovered from cell lysates incubated at pH 6.5 or lower, likely resulting from the effects of protein aggregation or activation of proteolytic digestion.
High pH Induces a Conformational Change in Bax Protein.
Because high pH could induce Bax translocation from a hydrophilic compartment to a hydrophobic one, we examined the possibility that pH controlled Bax conformation. Three criteria of Bax Fig. 3 . Demonstration of a pH-induced conformational change in cytosolic Bax. To determine whether high pH induced a conformational change in Bax, assays were performed to examine three parameters: sensitivity to proteolytic cleavage, exposure of cryptic epitopes, and hydrophobicity. (A) To examine Bax sensitivity to proteolytic cleavage, cytosolic extracts from D1 cells were prepared in isotonic buffers at either pH 6.9, 7.8, or 8.1, as in Fig. 2B , and digested with either proteinase K or trypsin, as described in Methods. Bax protein was analyzed by immunoblot with anti-Bax (N20). High pH rendered Bax much more susceptible to proteolytic digestion. (B) To examine exposure of cryptic epitopes in Bax, cytosolic extracts were prepared in isotonic buffer at either pH 6.9, 7.8, or 8.1 as in Fig. 2B . Immunoprecipitation reactions were then performed with anti-Bax N20, an antiserum produced against the N terminus 20 aa, or with anti-Bax ⌬21, an antiserum produced against full-length Bax protein. Bax was then analyzed by immunoblot with anti-Bax N20. High pH induced exposure of the N-terminal epitopes recognized by N20. (C) To examine the hydrophobicity of Bax, Triton X-114 phase partitioning was used (20, 21) . Bax was immunoprecipitated from the detergent phase and analyzed by immunoblot, as previously described. High pH increased the hydrophobicity of Bax.
conformational change were used: protease susceptibility, exposure of cryptic epitopes, and hydrophobicity. Cytosols prepared at different pH values were treated with proteinase K or trypsin and, as a control, trypsin digests were also pretreated with the trypsin inhibitor aprotinin. As shown in Fig. 3A , Bax was much more susceptible to proteolytic digestion above pH 7.8, consistent with a more ''open'' conformation at high pH. Control experiments showed that digestion of BSA by these enzymes showed little variation over this pH range (not shown). In Fig. 3B , cytosol at different pH values was treated with either a Bax antiserum (N20) that recognizes epitopes in a small region of the N terminus of Bax or with an antiserum (⌬21) that recognizes epitopes on most of the Bax protein. The N terminus-specific antibody immunoprecipitated more Bax protein at high than at low pH, suggesting that at neutral pH the N terminus is hidden, whereas it becomes more exposed at high pH. As a control, antiserum against the full-length protein could immunoprecipitate Bax equally well at different pHs (Fig. 3B) . To assess whether an increase in the hydrophobicity of Bax occurred at high pH (resulting from exposure of the hydrophobic transmembrane domain in the C terminus), cytosol prepared in buffers of different pH was partitioned into Triton X-114 detergent. As shown in Fig. 3C , more hydrophobic protein was detected at high pH than at neutral pH, indicated by the increasing recovery of Bax in the detergent phase, consistent with high pH inducing exposure of the hydrophobic C terminus of Bax.
Site-Directed Mutagenesis of Bax Termini Mimics High pH Effects and
Abolishes pH Dependency. The results shown in Fig. 3 A-C suggest a model of Bax changing from a ''closed'' conformation at neutral pH, with its N and C termini hidden, to an ''open'' conformation at alkaline pH, with its N and C termini exposed. To test this model for Bax translocation to the mitochondria, site-directed mutagenesis was used to create a Bax mutant in which the positively charged C-terminal amino acids, Lys-189 and Lys-190, were exchanged for uncharged leucines. If the model of termini interacting via charged amino acids is correct, this mutant Bax should mimic high pH, assume the ''open'' conformation and, therefore, be protease sensitive. Fig. 4A shows in vitro-translated Bax, lacking the positively charged residues at the C terminus, increased sensitivity to digestion by either proteinase K or trypsin. Another Bax mutant in which the negatively charged N-terminal amino acids Asp-2 and Glu-6 were exchanged for uncharged alanines also showed increased protease sensitivity (Fig. 4B) . Therefore, loss of charged amino acids at either terminus resulted in enhanced proteolytic digestion.
Discussion
This study identifies a mechanism of mitochondrial targeting of the death protein Bax after loss of trophic stimuli. After IL-7 or IL-3 withdrawal from dependent cell lines, a transient intracellular alkalinization occurred. We show that this cytosolic alkalinization altered the conformation of Bax, exposing membranetargeting domains, resulting in Bax translocation to the mitochondrial membrane. Site-directed mutagenesis of Bax implicated charged amino acids in the N and C termini as the pH-sensitive sites.
Cytosolic acidification had been reported to occur during apoptosis in various cell lines, such as an IL-2-dependent cytotoxic T lymphocyte line (25) or an IL-3-dependent myeloid cell line, BAF3 (26) . However the cytosolic acidification described in those reports, as well as in our own findings, is a late event briefly preceding or coinciding with annexin staining, DNA fragmentation, and the activation of proteases, all terminal events of apoptosis. In accord with our results, mature thymocytes were reported to undergo cytosolic alkalinization during the process of corticosteroid-induced apoptosis (19, 27) .
Recent studies support the concept that Bax changes conformation during initiation of cell death (28) . Bax bound to mitochondria has been shown to expose the N terminus, and deletion of the N terminus resulted in constitutive mitochondrial translocation (14, 29) . The C terminus of Bax has also been proposed to control its subcellular localization (30) .
On the basis of our findings relating pH and Bax, we propose the following model. At neutral pH, in the presence of trophic factors, negative residues in the N terminus could interact with positive residues in the C terminus, concealing the hydrophobic transmembrane region. Then at high pH, after trophic factor withdrawal, the net charge at the termini would change, resulting in reduced attraction between the termini, exposing the membrane-seeking regions. The candidate negative residues in the N terminus are Asp-2 and Glu 6-all these negative residues fall within the first 19-aa segment which, on deletion, renders Bax membrane seeking (14) . The candidate positive residues, occurring just before the end of the C terminus, are Lys-189 and Lys-190. We show that by mutating these charged amino acids, either at the C or N termini, we can mimic the effects of high pH during IL-7 withdrawal. These results lend support to our proposed model of the pH effect on Bax conformation, and also, in showing a direct effect of pH on Bax, argue against a role for intermediary proteins in Bax translocation induced by alkaline pH.
It is reasonable to propose that a rise in intracellular pH could alter the conformation of a protein by acting on charged side groups of amino acids. Although the pK of lysine as a free amino acid is 10.5, its environment within a protein can reduce it by 2 or more pH units (31) . Adjacent positive charges, as occurs in the two adjacent lysines in the Bax C terminus, have the potential to lower their pKs from 10.5 to the range observed (in Fig. 3 ) and affect Bax conformation. Other pH reactive proteins have similar arrangements of charged amino acids at critical structural sites; for example, the inhibitor protein (IF 1 ) of the mitochondrial F 0 F 1 ATP synthase complex is a pH-dependent protein (32) . The activity of IF 1 decreases with increasing pH, with maximal loss occurring at pH 8. This pH dependency is lost when three lysines residues (Lys-46, Lys-47, Lys-58) are exchanged with uncharged alanines, providing another case in which conformational change affecting function occurs at alkaline pH values and is mediated by adjacent charged residues.
In conclusion, we have shown that during withdrawal of IL-7 in a dependent cell line, a transient rise in intracellular pH promotes the mitochondrial translocation of Bax by altering charged interactions between the N and C termini, exposing the hydrophobic transmembrane domain. There may be additional effects of pH on other charged regions of Bax, for example in the putative membrane penetrating BH1 region formed by ␣-5 and ␣-6 helices of Bax (33) , whereby high pH could facilitate mitochondrial insertion. It remains to be determined how cessation of signaling from the IL-7 receptor causes a rise in intracellular pH. Possible mechanisms include decreased glucose transport resulting in decreased lactic acid production (as well as ATP synthesis) or deregulation of the Na ϩ ͞H ϩ exchanger (34), the Na ϩ ͞HCO 3 Ϫ ͞CO 3 2 Ϫ cotransporter, or the Cl Ϫ ͞HCO 3 Ϫ exchanger (35) , all of which have been implicated in thymocyte apoptosis (19) .
